ABSTRACT We continuously recorded the activity of adult and nymphal blacklegged ticks, Ixodes scapularis Say, exposed to diurnal light and temperature cycles in a laboratory test chamber by using a digital camera controlled by an intervalometer. Adult ticks collected and tested in the fall exhibited a bimodal pattern of activity, with peaks shortly after lights on and shortly after lights off, and substantial daytime activity. However, adult ticks collected in the winter and early spring exhibited a unimodal pattern of activity, peaking shortly after lights off, and minimal daytime activity. Nymphs, collected and tested in the summer, exhibited only a unimodal pattern of activity, peaking after lights off. Limited data also are presented for adult ticks exposed to only a temperature cycle or to only a light cycle in the spring. Ticks exposed to a temperature cycle exhibited a unimodal pattern of activity, similar to that exhibited by ticks exposed to both light and temperature cycles at the same time of year, whereas those exposed to a light cycle exhibited a bimodal pattern of activity. Although the difference did not quite reach statistical signiÞcance, there is a possibility that temperature is a stronger entraining agent for tick diurnal activity than is light, an unusual situation. The change in diurnal activity pattern from fall to spring suggests that ticks are adjusting their strategy for host Þnding, possibly in relation to remaining stored food supplies or host activity, and may have practical implications for sampling carried out to track tick populations.
SEVERAL RECENT PUBLICATIONS HAVE dealt with diurnal activity patterns in ticks of the genus Ixodes (Carroll et al. 1998 , Perret et al. 2003 , Randolph and Storey 1999 , Schulze et al. 2001 , Schulze and Jordan 2003 . The study of activity patterns is of both theoretical and practical interest. From the perspective of behavioral ecology, it is likely that the activity patterns of ticks will balance such considerations as the limited stored energy of the ticks, the need to avoid harsh meteorological conditions (especially excessive saturation deÞcits), and the activity patterns of potential hosts to maximize chances of Þnding a suitable host. From a practical viewpoint, commonly used methods of tracking the relative population density of ticks assume that a more or less constant fraction of the total population is being detected (Daniels et al. 2000) , an assumption that might be impacted by varying levels of tick activity at different times of day and at different times of year. Also, knowledge of the activity patterns of ticks can help humans avoid contact with ticks and the various pathogenic organisms they transmit.
In this study, we present the results of recording diurnal patterns of locomotion in the blacklegged tick, Ixodes scapularis Say, under controlled laboratory conditions, particularly with respect to the question of whether such patterns remain relatively constant throughout the ticksÕ season of activity or change as the ticks age. This species is the major vector in the northeastern United States of Borrelia burgdorferi, the spirochete that causes Lyme disease, as well as of other infectious agents. The majority of our data come from adult ticks, although we also present results from nymphs.
Materials and Methods
We collected ticks in mixed deciduous woodland areas of Tarrytown, Westchester County, New York (41Њ 05Ј N, 73Њ 51Ј W) by ßagging with a light-colored cloth of dimensions 91 by 91 cm. Collecting was done in the afternoon, during daylight hours. Collected ticks were placed in jars, segregated by sex for adults, and provided with a piece of water-saturated cotton gauze as a humidity source. The ticks were transferred to a test chamber for continuous recording of locomotory activity (actographic chamber) within 2 h of capture.
The actographic chamber for adult ticks ( Fig. 1 ) consisted of a vertically positioned white polyvinyl chloride plastic half cylinder, 8.9 cm in width by 34.3 cm in length, with a plate of glass 0.22-cm-thick sealed over the front with a silicone sealant. The bottom of the half cylinder also was sealed with a piece of glass. The top was covered by a piece of clear acrylic plastic, 0.22 cm in thickness, secured by brass machine screws to a permanently sealed plywood collar, so that the plastic could be removed for introduction of the ticks.
We maintained a continuous ßow of air through the actographic chamber at a rate of Ϸ1 liter/min. The air was controlled at 95% RH by bubbling it through a glass column containing distilled water, followed by a glass column containing a saturated solution of potassium nitrate. Any atomized potassium nitrate was removed by passing the air through a cotton wool Þlter before it entered the actographic chamber. A small volume (Ϸ10 cm 3 ) of shredded paper toweling was placed on the bottom of the chamber to simulate the leaf litter where inactive ticks seek refuge. The chamber was placed in a Percival E-30B plant-growth cabinet (Percival ScientiÞc, Perry, IA) to control temperature and lighting. Several 24-h temperature and light routines were used, as described below. During the light phase of each day, the Percival cabinetÕs ßuorescent lights provided an illumination level of 93 mol⅐s Ϫ1 ⅐m
Ϫ2
. During the dark phase, a white light emitting diode provided dim illumination at a level of Ϸ0.02 mol⅐s
We used a Nikon Coolpix 800 digital camera (Nikon Inc., Melville, NY) controlled by a Digisnap 2000 intervalometer (Harbortronics, Gig Harbor, WA) to automatically photograph the position of the ticks through the glass face plate of the chamber at 20-min intervals. A tick was scored as inactive over a 20-min interval if it was in the same location on two successive frames. It was scored as active if it changed location between frames.
Our main experiment with adults ticks involved recording from cohorts of ticks captured throughout the season of adult activity, with both light and tem- We also performed two brief experiments in which only light or only temperature was cycled. For the light-only experiment, the lights were cycled on a photoperiod of 11:13 (L:D) h, and temperature was constant at 16ЊC. For the temperature-only experiment, temperature was cycled 11:13 (high temperature, 21ЊC:low temperature, 11ЊC) with constant dim light.
The actographic chamber for nymphal ticks was intended to simulate the conditions of humidity that a tick might experience while in the forest leaf litter or climbing to a questing site on a day with moderately high relative humidity, a normal condition in our area during the season when nymphs are active (Fig. 2) . It consisted of three pieces of acrylic, each with dimensions 20.3 by 7.6 cm. Two of the pieces were 1.3 cm in thickness. The third was 0.55 cm in thickness. We milled a 12.7 by 2.5 by 0.25-cm channel in the Þrst piece, ending in a well Þlled with cotton gauze saturated with water. The second piece had a 10.2 by 2.5-cm opening milled completely through it. Two tubes were mounted in the top of this piece, allowing air controlled at 75% RH to be circulated through the channel. The Þrst and second pieces of acrylic were assembled with a Þne polyester mesh between them. 
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The three pieces were superimposed and held together with brass machine screws, so that 10.2 cm of the channel in the Þrst piece were exposed to the humidity-controlled air in the channel of the second piece through the polyester mesh, whereas the remaining 2.5 cm were covered by the plastic of the second piece. The third piece of acrylic formed a cover plate for the entire assembly, so that the channel in the second piece was a sealed chamber through which the humidity-controlled air circulated. The apparatus was positioned vertically in the Percival chamber, with the water-saturated gauze well at the lower end. The ticks were placed in the channel in the Þrst piece of acrylic. A tick at the bottom of this channel would be in contact with the water-saturated gauze. For the lower 2.5 cm of the channel, it would experience an atmosphere that decreased from 100% to 75% RH. For the remaining 10.2 cm of the channel, the tick would be exposed to air at 75% RH. The humidity of the air was controlled in the same manner as described previously, but with a column of saturated sodium chloride solution instead of potassium nitrate.
Ten nymphs were placed in the channel for each test. The activity of the nymphs was recorded photographically as described previously. Light and temperature were both cycled on a 12:12 (L:D) schedule, with a temperature of 21ЊC during the light phase and a temperature of 15ЊC during the dark phase. We recorded two cohorts of nymphs, one from approximately the Þrst half of their season of activity, and one from the second half. Exact dates are in Results. Statistical tests of differences between groups were carried out using a third order periodic regression model (Batschelet 1981) , with a binary variable indicating group membership (all comparisons involved two groups). SigniÞcance of the difference between groups was tested using the general linear test approach (Neter et al. 1996) , comparing a full model that included the binary variable and its interactions with the trigonometric terms against a reduced model without the binary variable or its interactions. The third order periodic regression provided a satisfactory Þt to all of the activity patterns that we encountered, whereas any lower order regression failed to do so. Data analysis and graphing were done with Systat versions 10.0 and 11.0 (Systat Software, Inc., Point Richmond, CA). 
Results
Figures 3 and 4 show the results for adult ticks exposed to a diurnal cycle of light and temperature. The graphs are arranged in calendar order to cover the active season of the adult ticks, October through May, although the data were actually collected in two different activity years. This was done to emphasize the evident change in the diurnal pattern of locomotion as the ticks age from newly emerged adults in October to senescent in May. Each graph is a record taken on one cohort of ticks newly collected from the Þeld.
Adult tick locomotory activity throughout the fall (OctoberÐDecember) was bimodal, with a morning peak shortly after lights on, and an evening peak shortly after lights off (Fig. 3) . A substantial level of activity was maintained throughout the light phase of the daily cycle, between the morning and evening peaks. Activity was much lower during the dark phase between the evening and morning peaks. Although there is some variation in the relative heights of the morning and evening peaks, and on the depth of the mid-day decline in activity, this general pattern is clear throughout.
During the winter through early spring period (FebruaryÐApril), in contrast, locomotory activity was unimodal, with a peak in activity shortly after lights off (Fig. 4) . Locomotion was near zero after midnight until lights on and then at a low level during the light phase. In May, near the end of the adult life span (Fig. 4d) , activity was generally low, with some activity during the light phase, and possibly evidence of a slight evening peak. No records are presented for the period 20 December through 4 February because ticks were not active in the Þeld and could not be collected due to low temperature and snow cover.
A general linear test (see Materials and Methods) comparing the fall pattern to the winterÐspring pattern showed clear statistical signiÞcance for the difference (F ϭ 23.19; df ϭ 7, 178; P ϭ 0.0000). Figure 5 shows the results for adult ticks when only temperature or only light was cycled. Figure 5a shows tick activity under constant dim light, with temperature alone cycled. In Fig. 5b , temperature is constant, and light only is cycled. These data indicate that ticks are responsive to both light and temperature cycles, although they may be responding differently to these two environmental factors. The general linear test comparing the temperature-only and lights-only groups just missed signiÞcance at ␣ ϭ 0.05 (F ϭ 2.14; df ϭ 7, 34; P ϭ 0.066). The data were collected in late winter, when ticks exposed to both temperature and light cycles exhibited a unimodal locomotory pattern. When temperature only was cycled, the ticks showed a unimodal pattern of activity similar to what would be expected at the same season of the year with both light and temperature cycling. When light only was cycled, however, the ticks showed a bimodal pattern of activity, with near zero mid-day activity. The bimodality recalls the locomotory pattern seen in the fall with both light and temperature cycling. However, the lack of mid-day activity was unique. The results for nymphs with light and temperature both cycling are shown in Fig. 6 . We obtained data on two cohorts of nymphs, 17 JuneÐ 4 July and 4 JulyÐ10 August 2003. This spans the season when nymphs are most active in our area (Daniels et al. 2000) . The pattern of nymphal activity was unimodal for both cohorts, with the peak activity occurring shortly after lights off, and fairly low daytime activity. There is only a slight difference in diurnal locomotory pattern between the two cohorts. The general linear test for the difference did not approach signiÞcance (F ϭ 1.28; df ϭ 7, 34; P ϭ 0.289).
Discussion
During the fall, adult ticks displayed substantial daytime locomotory activity, whereas in the spring, major locomotory activity took place in a single peak around the time of lights off. Nymphs consistently showed a single peak of locomotory activity around the time of lights off. It seems that adults engage in daytime activity more readily than do nymphs, possibly due to greater resistance to desiccation.
Our results for adult ticks are the Þrst to suggest that the diurnal activity patterns of ticks may change with time of year, perhaps in the course of the transition from youth to senescence. At this point, the adaptive value of such a shift in activity pattern must remain speculative. Overall, it seems that adult ticks become less active as their stored energy supplies diminish, evident by the considerable decrease in total activity levels from the fall to the late spring. It is possible that the shift from a bimodal to unimodal pattern of locomotion represents a concentration of activity to a time when the probability of encountering a host is maximized, a concern that may become more important as the ticks reach the end of their stored energy supplies. Alternatively, it may track a change in host activity and availability between fall and winter to early spring. A difÞculty in interpretation is that corresponding Þeld data are not available that would allow us to correlate activity in the laboratory with behavior in the Þeld. Nevertheless, the change in activity pattern that we observed is striking and likely to be of biological signiÞcance.
The difference in locomotory pattern when light only or temperature only was cycled may suggest another level of complexity. Our results point to a situation where the responses of ticks to light cycles and temperature cycles interact with their internal physiological state to produce as yet not fully characterized diurnal cycles of behavior in the Þeld. Of interest is the observation that cycling temperature alone produced a pattern similar for the time of year to that seen when both light and temperature were cycled, whereas cycling light alone may have resulted in a different pattern. Although our data are preliminary, and fall short of statistical signiÞcance, they suggest the possibility that temperature is a stronger entraining agent for ticks than light. This situation would be unusual in animals (DeCoursey 2004). Previous laboratory studies of tick diurnal activity patterns, as described in more detail below, used light alone as the entraining agent. This is a common practice in chronobiological studies, engendered by the fact that light is usually the strongest entraining agent.
In nature, humidity levels vary diurnally and change daily with weather patterns. Because prolonged exposure of ticks to high saturation deÞcits is incompatible with survival, it is reasonable to assume that humidity levels also would affect tick activity. This effect adds yet another layer of complexity to the patterns of tick activity that we did not investigate.
Precise comparison of our results to those of previous researchers who have looked at diurnal activity patterns in ticks is hampered by the different conditions under which tick activity has been recorded. The difference in our results when we cycled only light or only temperature suggests that the conditions of recording are important. Schulze et al. (2001) , drag sampled for adult ticks in the Þeld during April at hourly intervals between 0600 and 2100 hours. They found a morning peak in the number of ticks caught, a substantial number collected through the day, and possibly a slight evening peak. They did not sample through the night. In a broad sense, their results might be considered similar to our fall results with both temperature and light cycling, but the lack of nighttime data prevents a full comparison. Carroll et al. (1998) examined the movements of fall-collected adult ticks on glass rods in the laboratory, with a photoperiod of 11:13 (L:D) h, a constant temperature of 7Ð 8ЊC, and an 85% RH. Their results are presented in 3-h bins. They give results for control ticks and ticks exposed to gland extracts of deer. Their results for the control group suggest a bimodal activity pattern with morning and evening peaks. Activity between the peaks seems to be about the same during the light phase and dark phase. Again, their results are broadly comparable with our fall pattern with lights and temperature cycling and our spring results with only light cycling.
In our experiment with nymphs, both cohorts showed a unimodal activity pattern with a peak of activity right after lights out. Perret et al. (2003) recorded the activity of Ixodes ricinus L. nymphs in the laboratory using a photoperiod of 14:10 (L:D) h at constant 25ЊC and 60% RH. Like ours, their nymphs showed a unimodal activity pattern, with activity rising after lights out, although peak activity occurred more quickly after lights out in our data than in theirs. Schulze and Jordan (2003) presented drag sampling results for I. scapularis nymphs taken hourly from 0600 to 2100 hours. Their highest captures were in the morning samples, with a lower, but appreciable level of captures during the remainder of the day. Because they did not sample between 2100 and 0600, it cannot be determined whether there was a nighttime peak. Randolph and Storey (1999) present results for I. ricinus nymphs in which they used a miniature drag sampler in two artiÞcial arenas stocked with bank voles, Clethrionomys glareolus, one kept outdoors and one in a greenhouse, with different moisture regimes. Their results are consistent with a single nighttime peak in captures.
A possible uncontrolled variable our study is that we did not precisely standardize (beyond daylight afternoon hours) the precise time of collection of the tick cohorts from the Þeld. It is possible that ticks collected at different times of the day will show different activity patterns in the laboratory, and future research efforts may take this possibility into account.
At a practical level, our results raise the possibility that drag or ßag sampling for adult ticks during daylight hours may capture varying fractions of the tick population at different times of year. In our results, daytime activity was lower in the spring than in the fall, so daytime sampling might capture a lower proportion of the ticks in the spring than in the fall. Therefore, sampling around the time of darkness, although an inconvenience for investigators, might result in sampling during a more uniformly high period of activity. In contrast to the results for adults, our results for nymphs suggest a relatively uniform diurnal activity pattern throughout the season of activity. Because it is not certain how laboratory results pertain to Þeld conditions, investigation of these issues under Þeld conditions would be useful.
